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- Number of chemicals and
combinations of chemicals is
extremely large (>20,000 substances
on active TSCA inventory)

 Due to historical regulatory
requirements, most chemicals lack
traditional toxicity testing data

- Traditional toxicology testing is
expensive and time consuming

- Traditional animal-based testing has
issues related to ethics and relevance



Toxicology Moving to Embrace
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High-Throughput Assays Use

Hundreds High- ‘ Thousands 5

Throughput = o of Chemicals
ToxCast/Tox21 - SR EE)
Assays

LPS_TNFa
micro-TiO2_uncoated nfa_1000-5000 nm_UML

ACS50.9.1| RZ 087 Top: 645 | Emax 6.28) Siope: 1

Response

* Understanding of what cellular processes/pathways may be perturbed by
a chemical
* Understanding of what amount of a chemical causes these perturbations
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Broad Success Derived from High-

Prioritization of Chemicals
for Further Testing

Group Chemicals by
Similar Bioactivity and
Predictive Modeling

Provide Mechanistic
Support for Hazard ID

Carcinogenicity of perfluorooctanoic acid, 1.2

tetrafluoroethylene, dichloromethane, 1,2-dichloropropane,
and 1,3-propane sultone g,

Chemicals

Assays/Pathways
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Carcinogenicity of tetrachlorvinphos, parathion, malathion,
diazinon, and glyphosate

In March, 2015, 17 experts from
1 countries met at the Intemational
Agency for Research on Cancer (ARG
lyon, France) to assess the carcino-
genicty of the crganophosphate
‘pesticides tetrachlorvinphos parathion,
maathion, diginon, and glyphosste
(table). These assessments will_be

el prolfertion (hypemplssiz i
rodents). Telrachlorvinphos is banned
in the Europsan Urion. In the USA,
it continues to be used on animals,

The insecticides _malathion and
diazinon were cassified as “probably
carcinogenic to humans" (Geoup 24).
Malathion s used in agricuture, public
health, and residential insect control.
It contines to be produced in
substantial volumes throughout the
worid. There is fimited evidence in

Carcinogenicity of lindane, DDT, and
2,4-dichlorophenoxyacetic acid

In jue 2015 36 eperts from  Immuncsuppresive effects that can  blood or adipose taben In sdulthood;
13 countrles met at the Intemational  operate In humans. howeves, the passible Imporance of
Agency for Researh on Cancer  The Insectickde DOT was classfied  eariy-lIfe exposure tn DOT remalns
(ARE; Lyon, France) o assess the  as“probebly carinopenic o humans”  unresoived. Stuedes on non-Hodgkin
@rinogenicity of the Insectiods (GUp 2A). DOT was used for the  ymphoma and cancers of the Iner
Indane and Lydtnchioo-22-bs(4- contol of Insect-bome  diseases  and testls provided limited evidence
chiorophenyhethane (0OT). and the  uiing Workd War 2: subsequenty In humans for the caranogenicly
heticide  2.4-dichlorophenyacetic 1t was widely applied to eradicate o oo T.
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Focus on Nuclear Re

« Family of ligand-regulated nuclear transcription
factors (48 human)

« Conserved, modular domains
— DNA-binding domain
— Ligand-binding domain
* Binds lipophilic, small molecules
* Endogenous ligands: steroid hormones, fatty acids

» Regulates genes for key physiological processes:
endocrine system, growth and differentiation,
metabolism

 Endogenous ligand physicochemical properties
consistent with cell permeable qualities

 Good focus for selective xenobiotic effects

http://proteopedia.org/wiki/index.php/Image:3dzy2.png



Ligands for

From the EPA's Endocrine Disruptor Screening Management Plan:
“Examine effects of these chemicals on estrogen, androgen and thyroid hormone-related processes”
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The Estrogen Receptor Mode

 Public solicitation for diverse high-throughput assays to cover
broad range of bioactivity/toxicity endpoints
* Many estrogen receptor assays included
— Binding
— Nuclear localization
— Transactivation
— Cell proliferation

* No single assay perfect for a variety of reasons
« Decided to develop computational model utilizing all data



Targeted Pathways

80-05-7 : Bisphenol A
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ER Model Performance

Agonist Score (R1) vs. Reference Activity Class
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ER Minimal Model

All Chemicals
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Regulatory Applications: EDSP
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Androgen Receptor Screening

» Utilize existing ToxCast/Tox21 assays to develop AR model {aa}
) . ] {:} Assay a
« Cytotoxic chemicals confounded antagonist cell-based assays O Key Eventhiote - o
« Run additional confirmation assay for antagonists R ot
— Higher agonist concentration R ety 7y
— Competitive antagonists show right-shift in potency W e i » (s}
examples) Cofactor /
Recruitment
ToxCast/Tox21 Assays
aggociated =000 T
ID  node assay name source gene” species type pnl'.hmpb e
Al NI NVSNR hAR Novascreen AR Homo sapiens  receptor binding RI; R R { so—ol
A2 Nl NVS NR cAR Novascreen AR Potroglodytes  receptor binding RI; RZ; B3 3
Al N1 NVS NR rAR Novascreen AR Rattis sorvegicns  receptor binding RI; R R3 Inactive RNA Protein S
A+ NI OT_AR_ARSRCI 0480 Odyssey Thera  AR; SRC Homo sapiens  coregulator RI; R2; R4 Lot s Paesistom
recruitment
AS NI OT_AR ARSRCL (%960 Ondyssey Thera  AR; SRC Homw sapiens coregulator RI; R2; B4
recruitment
A6 N3 ATG AR TRANS Attagene AR Homo sapiens  RNA reporter gene Rl; RS R2 (N1,N2,N5) v R1 (N1-N4) v
A7 N4 OT_A.R_ARELUC_AG_IW {)c.l'yﬁe:rmm AR; ARE Humuh‘h'imi reparter gene Ri; R& ARCavtagonist y
A8 N4 Tex2l AR BLA Agonist rabio NCATS/ AR Homo saplis  seporter gene RI; R6 pathway o e
A9 N4 Tox2l AR LUC MDAKB2 Agonist NCATS/ AR Hamo sapiens  reporter gene RI; R6
NCGC
A0 N5 Toxtl AR BLA Antagonist ratio NCATS/ AR Hamo sapiens _ reporter gene R%; BT
NCGC
All N5 To2l AR LUC_MDAKE Antagonist NCATS/ AR Homo sapiens  reporter gene R2; R7 Antagonist
ALY N§  To2l AR LUC _MDAKE Antagonist- NCATS/ AR Homo sapiens  reporter gene NA Mode

confirmation NCGC




Evaluation of AR Model

Reference Data
Literature Review

@ il hsn

4

Model Performance
Evaluation

Agonist

o R .,!;;:f; O R
Reference Chemical | =~ | ;5;:;'33;3;_;,!551:
Classifications it

Summary

* Model has high sensitivity

* Antagonist mode specificity
improved by considering

antagonist assay with high

agonist concentration

* Weakly active chemicals most
difficult to detect

* Broad screening suggested
cytotoxic compounds not all

excluded

ICI 182,780
Carbendazim

Validated Model for
Chemical Screening

1e+00 1e+01 1e+02 1e-02 1e-01 1e+00 1e+01 1e+02

AR Pathway Model (R1) AR Pathway Model (R2)

Chemical
Researchin
Toxicology

Development and Validation of a Computational Model for
Androgen Receptor Activity

Nicole C. Kleinstreuer,*'® Patricia Ceger,’ Eric D. Watt,'® Matthew Martin," Keith Houck,®
Patience Burowm:,I Russell S. Thomas,® Warren M. (.'asey,‘ David J. I)ix,l David Allen,l
Srilatha Sakamuru,” Menghang Xia,” Ruili H\.ung,' and Richard Judson®

Chem Res Toxicol. 30:946-964, 2017.




Agonists versus A

l

Selective receptor modulators behave
conditionally as agonists and/or antagonists

gene
expression

4-Hydroxytamoxifen

gene
expression

Fulvestrant

antagonist

Brzozowski et al., Nature. 389: 753-8, 1997).



Tox21 AR Screening Result

* Only 102 chemicals positive
using strictest criteria

« Expanding criteria allows for
ranking of chemicals based on
strength of evidence

 Chemicals that are confounded
by cytotoxicity are not eliminated
but evidence is weaker

* Potency not currently considered
but is another important factor

Hydroxyflutamide

Bis(tributyltin)oxide

Dipyrithione

Ziram

NTP Mix21 AR2 2-EQP

17alpha-Ethinylestradiol

Bis(1-piperidinylthioxomethyl)hexasulfide

Triphenyltin acetate

Tributyltin benzoate

Nilutamide

Triethyltin bromide

Equilin

17alpha-Estradiol

(Acryloyloxy)(tributyl)stannane

Triphenyltin fluoride

Ethylestrenol

Copper dimethyldithiocarbamate

\Vinclozolin




Challenges with assessing NR

« Measuring loss of signal-
confounded by cytotoxicity

antagonism in vitrg

To address:

— Two different assay platforms

— Use bootstrapping techniques to
determine effect of cytotoxicity

— Two concentrations of agonist

R1881
— MARCONI assay for

corepressor/activator recruitment

Percent Activity

Percent Activity

50 100 150 200

-100 -50 [e]

o]
s
I | I I
0.001 0.1 1 10 100
$ 8 goa

0.001 0.01 0.1 1

Concentration (UM)

ASSAY: AEID1816 (TOX21 AR _LUC MDAKB2 Antagonist2)
NAME: Benzethonium chloride

CHID: 23810 CASRN: 121-54-0

SPID(8): Tox21 202488

M4ID: 4754104

HILL MODEL (in red):

tp ga qw
val: 114 0.996  2.14
sd: 271 0.0262 0.208

GAIN-LOSS MODEL (in blue):

tp ga aqw la 1w

val: 117 1.01 2.04 2.13 8.85

sd: NaN NaN NaN NaN NaN
CNST HILL GNLS

AIC: 441.3 291.95 295.54

PROB: 0 0.86 0.14

RMSE: 50.36 8.11 8.1

MAX MEAN: 112 MAX MED: 112 BMAD: 9.44

ASSAY: AEID1817 (TOX21 AR LUC_MDAKB2 Antagonist2_viab

NAME: Benzethonium chloride
CHID: 23810  CASRN: 121-54-0
SPID(8): Tox21 110403 1

M4ID: 10861077

HILL MODEL (in red):

tp ga v
val: 66.8 1.3 8
sd: 1.03 0.00424 4.68

GAIN-LOSS MODEL (in blue):

tp ga gw la 1w
val: 66.8 1.3 8 3.49 6.26
sd: NA NA HA NA NA
CNST HILL GNLS
AIC: 345.27 225.7 229.7
PROB: 0 0.88 0.12
RMSE: 19.49 2.82 2.82
MAX MEAN: 66.7 MAX MED: 67 BMAD: 1.74

COFF: 17.4 EIT-CALL: 1 FITC: 41 ACTP: 1

FLAGS:



Antagonist Reference

LUC vs LUC vs
Chemical Designation Assay Hitcalls LUC counterscreen [LUC viability
Procymidone Very Weak Antagonist BLA, LUC, LUCcs Yes Yes
Fenarimol Very Weak Antagonist BLA, LUC, LUCcs Yes Yes
4-(1,1,3,3-
Tetramethylbutyl)phenol Weak Antagonist LUC Yes Yes
An ta g O n i St o,p'-DDT Weak Antagonist BLA, LUC Yes Yes
p,p'-DDE Weak Antagonist LUC Yes Yes
" Propiconazole Weak Antagonist BLA, LUC, LUCcs Yes No
S Cre e n I n g Zearalenone Weak Antagonist BLA, LUC, LUCcs No No
Methoxychlor Weak Antagonist BLA, LUC, LUC2 No No
® LU C: R1 881 = O . 5 n M Linuron Moderate/Weak Antagonist BLA, LUC Yes No
Vinclozolin IModerateNVeak Antagonist BLA, LUC, LUCcs Yes Yes
Flutamide IModerateNVeak Antagonist BLA, LUC, LUCcs Yes Yes
Bisphenol A IModerateNVeak Antagonist BLA, LUC, LUCcs Yes Yes
e LU C_CO unterscreen: Prochloraz [Moderate/Weak Antagonist BLA, LUC, LUCcs Yes Yes
R1 8 81 — 1 O n M Cyproterone acetate IModerate Antagonist BLA, LUC Yes Yes
Nilutamide Moderate Antagonist BLA, LUC, LUCcs Yes Yes
Spironolactone Strong/Moderate Antagonist BLA, LUC No Yes
Mifepristone Strong/Moderate Antagonist BLA, LUC, LUCcs No Yes
Fenitrothion Strong Antagonist BLA, LUC, LUCcs Yes Yes
Criteria Sensitivity| Specificity | Balanced Accuracy | [Hydroxyflutamide Strong Antagonist BLA, LUC, LUCcs Yes Yes
Active in BLA 0.9 0.88 0.89
Active in LUC_counterscreen 0.8 1 0.9
Active in LUC 0.9 0.88 0.89
iccttl:,?.laat|||:::::;:‘f 3-3 i g:i Bicalutamide Strong Antagonist BLA, LUC, LUCcs Yes Yes
Active in all three assays, LUC v, 17-Methyltestosterone Negative Antagonist NA NA NA
LCes diff;?::gl::E:s"ﬁ’“"ded 0s , o 4-Androstene-3,17-dione Negative Antagonist NA NA No
Active in LUC, LUCvs, LUCes - ’ Atrazine Negative Antagonist NA NA NA
difference, not confounded by Daidzein Negative Antagonist BLA NA NA
cytotoxicity 0.7 1 0.85 . a -
Deltamethrin Negative Antagonist NA NA NA
Methomyl Negative Antagonist LUCcs NA No
[Simazine Neaative Antaaonist NA NA NA




assay

Microarray 2 ear receptor

Interaction

PamStation®96 PamChip® array p-well Porous membrane
(96 arrays) (155 p-wells) (1 spot=300,000 pores)

» Cell-free assay measuring co-regulator
recruitment to AR-LBD

— 154 co-regulators ] .

— 3 concentrations (1, 10, 100 uM) — — -

— log fold-change of binding compared to DMSO 660mm g6mm Smm 0,1mm 0,01mm

Figure 1: Outline of PamStation®96 instrument and PamChip®96 microarray, each array consisting of
155 p-wells, (The PamChip®96 is therefore a 14880 p-well plate)

» Tested 318 suspected AR antagonists

Array platform Nuclear receptor (NR) Nuclear receptor(AF2) domain interacts
. - coregulator interaction with LxxLL motifs of coregulators
* Reduced variables (co-regulators) to 28 most 75 o
affected YW é W.‘/
 Goal: to see if patterns of coregulatory Ul ol AFZ
recruitment can distinguish between true = RN
antagonists and false antagonists 00 lgard b o
(cytotoxicity/artifacts) AP2 Acthation unction

LxxLL; peptide binding sequence
Figure 2: Qutline of the nuclear receptor — coregulator interactions in the p-wells

Image: pamgene.com



Hierarchical Clustering

High confidence: Cluster 1-2

Lower confidence: Cluster 3

No confidence: Clusters 4-7

Cyproterone
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DHT
ydroxyflutamide
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Co-regulator Recruitment Pa
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« Mean value of cluster O 66 0 06 OO0
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Thyroid Hormone Receptor Mo
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[ Hit Characterization J

PRI :Isl;-a;'e-qunkt-fnl lowup : T::Ed
Vm? 1\1\ b con -
B ‘\C_\\;‘og ;‘ \ ::—tlla-qonist i
'W“" l “ “ Assay #Tested
a o a \ gh3-tre-antagonist-highAgonist 408
AT B oo
T a RXR-bla-antagonist 120
. TRb-bla-antagonist 120
Tox21 Library ‘10K 3X Agonist tepl curve nzg?gg, T b g iy i3
15 concentrations 3X Antagonist fitting review Characterization
3X Viability assays
ASSAYS ASSAYS
Rat pituitary GH3 cell line* GH3
expressing endogenous TRa GAL4-TRB (human)
and TR, with TRE regulating GAL4-RXRa (human)
luciferase expression TRo/TRp coactivator recruitment
Cell viability TR nuclear translocation

* Developed by Albertinka Murk, Wageningen University, the Netherlands



TR Modulator Hit Characteri

Direct-acting
modulators should
regulate coactivator
recruitment

Test in both agonist
(recruitment) and
antagonist
(disassociation) format

GST-tagged TR-ligand
binding domain

Tb dye-labeled e~

T3 (TR agonist)
>

anti-GST Fluorescein-labeled
antibody coactivator SRC2-2 peptide

Low FRET

FRET = Iem, FI/Iem, Tb

High FRET



Optimization of TR Coactiva

5 nM TR beta + 0.1% BSA

2.5 nM TR alpha and 0.1% BSA
0.8- )
0.8+
10 min 10 /min
. m 20 min
20 min 0.6- .
o 0.6 + 30 min _g A& 30 m!n
® & 60 min o v 60 mln_
 0.4- E 0449 + 120 min
o v
TR L
0.2 0.2-
ﬂ.u T T T T T T T 1 u-u 1 | 1 1 1 1 1 1
43 12 11 40 -9 8 -7 6 -5 43 42 41 10 9 -8 -1 6 -5
log [T3], M log [T3], M
2.5 nM TRo-LBD S/B CV% EC50 (M) TTS-LBD j/‘E: C;’;/" ng;)E(l\f())
. min ’ . 5. -
10 min 5.0 3.6 | 2.786E-10 20 min 53 | 47 | 4.786E-10
20 min 2.9 33 | 2.605E-10 30min_| 61 | 46 |4661E-10
30 min 6.7 4.2 2.629E-10 60 min 6.8 4.8 | 4.380E-10
60 min 7.0 4.6 2.571E-10 120 min 7.4 57 | 4.507E-10




Percent Activity

Percent Activity

=20 0 20 40 60 80 100
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~50

Example Agonists

" Direct TR Agonist

) N\/\fo

Betamipron
| TR_GH3 r
P o
- g “
-
- § 2
: :
L
— B

T T T T
0.001 0.01 0.1 1

Concentration (uM)

TRB_HEK293

T T T T
0.001 0.01 0.1 1

Concentration (uM)

o

Percent Activity

1

TRB_SRC2

o

0.001 0.01 0.1 1 10

Concentration (uM)

RXR_ HEK293

0.001 0.01 0.1 1 10

Concentration (uM)

Percent Activity

Percent Activity

Indirect TR Agonist/RXR Agonist

HC  CH CH, CH,

‘ ' \ \ \ \ . . . .
. 13-cis retinoic acid

40

TR GH3 ¢

o
o
~
o-b—--n-—-—--o
o
o -
i
o
- - -
i

I T T T 1
0.001 0.01 0.1 1 10

Concentration (uM)

o
S -
¢ {TRP_HEK293
o —
o
U_
-
o |
o~

o
L=

ag o}

o
g
1

I I T T 1

0.001 0.01 0.1 1 10

Concentration (M)

Percent Activity

Percent Activity

o
™~

wn _
-

o
-

=10

100 150

50

TRB_SRC2

0.001 0.01 0.1 1 10

Concentration (pM)

0.001 0.01 0.1 1 10

Concentration (uM)



TR Agonists

Direct

Indirect

pebeee

3,5,3 " -Triodothyronine Tetrac 337,35 -Triiodo-L- 3.3° 5-Tritodo-L-
6893-02-3 67-30-1 thyronine thyronine
5817-390 5506-1
on
" ] "
o 1 i o oM
.y oy ¥ = I |
' . H i oF il TH,
Levothyroxine Tiratricol CP-634384 1
51-48-9 51-24-1 200352-28-2 3440-28-6
e o, CHy CHy |-..-’Tl1
% e ~|‘
H, o o

. o

)
Y
)

e

Bexarotene 13-cis Retinoic acid 9-cis Retinoic acid All-trans-retinodc acid
153559-46-0 4750-45-2 3300-03-8 302-79-4
H, b & | ™ F
m__(/={ — b | T
o—h — o \._. iy -
Pafiad Y OB O Db
Acitretin Clofostal Singalide.
53079-83-9 37693-01-9 25126-32-3




TR-FRET TR Coactivato
A\ { | vioge

Three known TR antagonists tested with the : . o
SRC2-2 peptide: MLS000389544 tested on various coactivator peptides:

0.54 0.4-
s SRC22

0.4+ # SRC3-2
= ", E_ % # NCoR ID2
g 03 s g E . s SRC2-3
0 o0 s MLS000389544 2 g 0.27 s SRC3-3
i = 1-850 2%

0.1- 4 methysticin “ 0411

0.0 T T T T 1

9 8 7 6 5 4 "'"_9 T T T I %
log [compound], M log[ML S000389544], M

No understanding of why this assay failed.

Reference for MLS000389544: J Biomol Screen. 2011 Jul;16(6):618-27.



GR

Development of a

NTD DBD [HR| LBD

7 1
TRB | _A/B CiD E

GFP-GR-TRz1s ‘

GFP-GR-TRzs  |GEPH

2-552 216-461
GR [TRB LBD|
2-552 226-461
GR |TRB LBD:

MCF7 Cells

E Tetracycl in n

GFP-GR-TR DRAQS5

Overla|
-

Stavreva et al., Toxicology 368—-369: 69-79, 2016.

Uninduced

Dex

+ Ligand (T3)




R Nuclear Transloc

a == Broguinaldol
rizomio .
‘és = Cerflzom| ‘és = Omacetaxine mepesuccinate
- Mefer i id
H R* "ET‘““ ] == Methyl red
- 8
g2 eareeta 2, == C.. Basic Red 9 monohydrochioride
W= Diclazuril =
3 azu 3 = Manidipine dihydrochloride
H = Daunorubicin s
g1 . g1 == Pazopanib
3 = 5.7-Dichloro-8-hydroxy-2-methylquinoline. 3 -
]
Control 25uM 1-850 50 uM 1-850 100 pM 1-850 100 1M T3 £, =% 'y
= R O Y
Concentration (M) Concentration (M)
o
0
o
1
a
L
4 4
o I
& = Indocyanine green & = Lercanidipine hydrochioride
£3 = Andrographoide E3 = Gestinone
s = 4,4-Methylenebis(NN-diglycidyianiine) s = Fludarabine
22 - AL13 22 = Deserpidine
wn 9 9
g £, = ZE)Diethyistibestrol D = 4-Phenoxyphencl
b 3 = Gugguisterone E H = Rosaramicin
2 -T2 2 -
o [ o
o & LI I RN
Concentration (uM) Concentration (M)
>
8
e
1)
3

’ Carbonyl cyanide chiorophenylhydrazone
Vatalanib Indatraline hydrochloride
PP242 1-Dodecyl-3-methylimidazolium iodide

Sulbentine Duloxetine hydrochloride

Tiothixene
Ecopipam

Perospirone hydrochloride
Tomelukast

#

e Samples I

0; Concentration (M)
m T3 IS

Concentration (uM)

2,

Nuclear/Cytoplasm GFP
- N w ES
il
Nuclear/Cytoplasm GFP
o 4 m w &
1mnrienl

4-(Hexyloxy)phenol
T3

Nuclear/Cytoplasm GFP

% = Amlodipine besylate
5, 3 w== Quetiapine fumarate
® §. w=m Romidepsin
:">,.2 = Ormeloxifene
Screened 300 chemicals =~ Mossanie
0 T 1 § - T3

0 100 200 300 N ® e e

Concentration (uM)




Percent Activity

150
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o
=3

-50

TR_GH3
00
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Percent Activity

1

Percent Activity

00+

(o))
o
f

=
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100+
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< ©
3 o | 5
% o e K4
0* o® o | £
Risarestat o
3 2 4 0 7 R R S R S 5 125 25 50 100

Log10 Concentration (uM)

Cytotoxic

3 2 4 0 1 2

Log10 Concentration (uM)

-50

3 2 1 0

i 2
Log10 Concentration (uM)

Log10 Concentration (uM)

150+

100+

Percent Activity

-50+

[4)]
o

Concentratlon (uM)

Other?

Log10 Concentration (uM)

Log10 Concentration (uM)

TR_GH3 GH3_viability TR_MCF7
1004
=
> L
s @
g ° 24
4 ()]
£ 50 L4 ° g
o S
o S
o EE 14
%1
[ )
Carfilzomib o
3 2 4 0 7 I R S R S 5 135 25 50 100
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TR Antagonist Candidates

b s oIt i
70 S
R & HyC. NH
:1/(//n \/I\»"\ﬁ Kj/ 5 o I\/'
S PN
},"5' L("k
Diclazuril Mefenamic acid Risarestat
101831-37-2 61-68-7 79714-31-1
\ 5
P I N I S N . w L Ty
fow A4 o ( \K 0 Ay
N AT AN Qe o Gl N "L)L“( o A N o 'V{\«*_ | -
O S J T [ o OU DiNcesas aeet: L wN sy 5e,
e o’j"?/‘-n-« o 1o ¥ HyC N 1 ’ w)w
'\ytm ‘ O Cl‘l'lj ! H ! O " = en, MO
- ‘ 1 Carfilzomib PP242 Daunorubicin Ecopipam
868540-17-4 1092351-67-1 20830-81-3 112108-01-7
Omacetaxine C.I. Basic Red 9 Methyl red Lercanidipine hydrochloride we
mepesuccinate monohydrochloride ot
493-52-7 132866-11-6 Li
26833-87-4 569-61-9 'S
N /TN e
w A .f‘z;
Pazopanib

444731-52-6




Modes of TR Modulation

Ligand-Independent Repression Agonism Agonism by Permissive
Antagonism Heterodimer

apo receptor

Physiological/Toxicological
Relevance?



roid Axis Targets

Hypothalamus
2 iy N
i '-"l 1
L N - TR
—’ TSH
4
Thyroid StIn;:I::;m Hormone Pituitary Thyrotrophs

Thyroid

-
T Xk

T3
fa g4l

Xenobiatic Free Fraction Bound Fraction
(activates CAR, PXR or ANR)

T4

Free Fraction

Screening Assay Status

Molecular Target Existing In Development
TRH Receptor N X (ToxCa-s't)
TSH Receptor X
Sodium-lodide Symporter (NIS) X
Pendrin
Dual Oxidase (DUOX)
Thyroperoxidase (TPO) X
TH Serum Transport Proteins X
TH Membrane Transporters
lodothyronine Deiodinase Type | X
lodothyronine Deiodinase Type Il X
lodothyronine Deiodinase Type Il X
lodotyrosine Deiodinase X

Nuclear Receptors

X (ToxCast)

Sulfation and Glucuronidation

Alanine Side Chain Activation

TH Receptor Binding

TH Transcription (Agonist/Antagonist)

X (ToxCast)

TH Transmembrane
Transporters
(MCTS)




Some Existing L|m|tat|ons in High-

Throughpt

Biological Coverage
(Gene Basis)

|

[l ToxCast

Not in
n ToxCast

Human Focus

2w I
e ==t

Metabolic
Competence

Chemical Coverage and Specific
Chemical Types (e.g., VOCs)

Organ and Tissue
Responses




Highly multiplexed
reporter gene
assay

Houck et al., unpublished

9 Estrogen
GAL4-NRs
(human,
bird, fish,
turtle, frog)

5 Androgen
GAL4-NRs

6 Thyroid
GAL4-NRs

3PPAR
GAL4-NRs

By

. Gai Hpal

DBD. i

4xUAS| TATA H reporter seq >.

=

(human, bird, fish, turtle, frog)

(human, fish, frog, turtle)

(human, mouse, fish)

23 GAL4-NR RTUs

|
Compound
pool
@ FACTORIAL MS
O
[ ] Profile reporter RTU RNAs
C
O
- é NR activity profile
. O
©
.U
©

NR family NR | Class Species Sequence ID
ER1 Danio rerio BC162466
ER2a Fish Danio rerio BC044349
ER2b Danio rerio BC086848
ER1 Amphibian Xenopus laevis |NM_001089617
Estrogen ER2 Xenopus laevis |[NM_001130954
ER1 Reptilian | Chrysemys picta |NM_001282246
ER1 Avian Gallus gallus ~ |NM_205183
ERa Mammalian Homo Sapiens |[NM_000125
ERb Homo Sapiens |[NM 001437
AR Fish Danio rerio NM_001083123
AR Amphibian | Xenopus laevis [NM_001090884
Androgen AR Reptilian Chrysemys picta [XM_005279527
AR Avian Gallus gallus ~ |NM_001040090
AR Mammalian| Homo Sapiens |[NM_ 000044
TRa Fish Danio rerio BC096778
TRb Danio rerio BC163114
Thyroid TRa _Amphibian | Xenopus laevis |NM_001088126
TRa Reptilian Chrysemys picta [XM_005294120
THRa Mammalian Homo Sapiens |[NM_199334
THRb Homo Sapiens |[NM_ 000461
PPARg Fish Danio rerio NM_131467
PPAR PPARg Mammalian Mus musculus  [NM_001127330
PPARg Homo Sapiens |BC006811

+ Host cell: human HepG2

- Agonist mode for all receptors

+ Antagonist for ER and AR




Concordance Across Species (<50uM)

% Concordance
% Concordance

TR Agonist -
PXR Agonist-

AR Agonist-
AR Antagonist -
ER Agonist-

ER Antagonist 4
TR Antagonist -
PPARg Agonist-

PPARg Antagonist -

Concordance Across Species (<10uM)
100-

80
60
40

20+

- * 180 Chemicals
tested in
concentration-
response

* Chemicals
EEEEEEEEE selocted for NR
$ 55855858 2 5 activity
x Ex 82 £ 58 &
g < w < F € ¢ o X
& e£F *
. -

6.00



Assays Retrofit for Xenobiotic

Meta

-+ Boiled 59

-+ Active 59 -m Empty Microsphere

RLU
H
2
B

RLC

RLU

150 4
]
= 100
4
[--9
= 504
ES
U' T T 1
8 7 6 5 -4
Log Methoxychlor (M)

-+ No AIME

- 37C Inactivated

CYP142 CYPIB1
10080
-2 - E
- e 3k
AT 1agaga 15U
-k = - TSR
- 0TE M st0ma T
0TS ki . CLTETS M
mm 0875w B . C.0EITE WM
‘H‘ ‘é‘ 1-.# - OEITE R L""ﬂ 1@. de. 1’& ,‘;'P W G.045ETE WM
CYPICE CYPIAT AZ
- Fraras -
- CATISmM S -l
- 0OESTS M -
- OIS 2 e - TR
m O0Zi43E mid - T
010719 med ] 51875 i
- COUBIE T N
- 0536 a : ::9‘:;5':‘“
R o E e
EC50 N
96-Well EC50 Potency Shift
(M) d
Active 59 0.7
Heat Inactivated 59 6.8 96
No AIME 498 70
384-Well EI_EI:? EC50 Potency Shift
Active 59 1.2
Heat Inactivated 59 159 132
No AIME 5.1 4.2

DeGroot, Simmons, and Deisenroth, Unpublished




CYP3AA Metabolism of TST

CYPZC9 Meta bolism of DCF

Simmons et al., J Pharmacol Tox Methods, 2018

im H =
= im i it
i. H i=
i i i=
f= H ) B I_
. i I £ —— * - e : ——
; yaa?l et “FM‘M“_!'JT"'W}“"—M wapa? it wm’“‘:‘mﬁ_cﬁw:.ﬂuw.""‘ et ot Mmﬂvﬁ"‘iﬂgﬂ“-‘m
Methoxychlor
Aflatoxin B1
mANA  ACSD (sl
Bgal 2034
CYP2a8 020
CYP2C19 363
CVPAL 1224
L
g ® Bgal
= Bgal E * CYP2RE
: E:':gi = » CYFIC18
+ Lhvar_mix & » CYPIA

[empd] (log uM)




Environmental Monltorlng Applic:

Nationwide

« 38 total sites (4 reference sites) across US s RE T A

» Water samples collected 2012-2014 ¥, e 7

it
* Locati db tershed d L S
ocations varie watlersne rainage EXPLANATON |
% . . . 18 . . . :Mixed sources (34) e i e % VS, S S e
A A Reference (4) SMEXIco® o AL T
" 16 - 7 0 25  s00Miles] - e PR W LB
L L by TR | e =
" 0 250 s0Kilometers | .. % e
2zl i q <
15+ 0k i
]s & ]
6 4
5 4 - i
£ 9 L L 2 0 ! ! ! !
- 0-10 10-100 100-1,000 1,000-10,000 - 0-20 20-40 40-60 60-80 80-100
; Drainage area (mi?) 5 Percent agricultural land use
=] =
E E
S 14 T 5 3
= B =
12+ %
10+ 20
gL
15+
6 -
10+
4L
A i H B
0 1 1 1 i} 1 1 1 | 39
0-10 10-100 100-1,000 1,000-10,000 0-20 20-40 40-60 6080 80-100

Population density (peaple per mi) Percent urban land use Brett Blackwell/ORD/EPA



Bioassay Analysis Workflc

FACTORIAL

Filtered ) ) DMSO
— Unknown —)
Extracted C'\q.emlcal 1000
200mg ixture X
HLB conc.
trans-FACTORIAL cis-FACTORIAL
81 159 -e- AhRE
: Eé: = PXRE Extract Analysis
§% o prPAR - ERE  6-point curve; 3-fold dilution
= 9 101 _= NRF2 ARE
54_ + GR . VDRE * 24h exposure
= =+ HIF1A
S, > * Area Under Curve (AUC)

* Response relative to extract blank

o-_l_l-l'l'l'"ﬂ_l_l-l'l'l'rrﬂ_l_l-l'l'l'rrﬂ_l_l-l'l'l'rﬂ] 0-—l_l-l'l'l'rrl'|—l_l-l'l'l'rﬂ'|—l_l-l'l'|'rrr|—l_l-l'|'l'rﬂ1
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Relative Enrichment Factor (REF) Relative Enrichment Factor (REF)

40



Bioassay Results

« 26/70 endpoints AUC >1.25-fold
(borderline active)

+ 11/70 endpoints AUC >1.5-fold (active) o= '

Active Endpoints
« PXRE, PXR, AhRE — 30-36 sites
 ERE — 17 sites

EGR
NRF2/ARE
TA
ERE

° ERG, PPARV — 10 sites AR Oct-MLP
. FXR DR4/LXR
« GR, VDRE, NRF2 — 6-8 sites Wy e
Sp1 SREBP
. RORE, RXRB — 2 sites o
PR P2 HFta
BEREM ROREE 41
M@EBP £oF NRFGLI ES

GATA



Concluding Remarks

In vitro/alternative and computational approaches are valuable for chemical
prioritization, especially where we understand the targets and toxicity pathways

Nuclear receptors are an inherently important target of environmental chemicals

Endocrine disruption is one important mode of e

action mediated by NR's but there are many more ﬁg P—
receptors with varied, important physiology L.‘j
» Using high-throughput approaches will require u
systematically addressing key technical and data u =
analysis challenges L .

NR4A1|NGFIB

- assay interferences

| NRID1|Rev-erb-alpha
NR1C2|PPAR-beta/delta
4‘”;1‘:- NR1C1|PPAR-alpha
13| g

1007 NR2C2|TR4

 selective receptor modulators

NR2C1|TR2

NR2B2|RXR-beta
NR2B1|RXR-alpha

83|RXR-gamma
NR2A2|HNF-4-gamma
NR2A1|HNF-4-alpha

* cytotoxicity

NROB1|DAX-1

1,200




Thank You for Your

"% ‘e "NCATS/NIH.
. — Menghang Xia
— Ruili Wang
— Chia-Wen Hsu

« |CCVAM . -
— HNichole Ieinstreiler_

— Patricia Ceber
—_ “Warren’Casey

~ . David Affen == 3~ ° OEGD

- EPA/ORD/NHEERL; * — ' Patience Browne
— . Mike Hornung. = J NCI/NIH
— SusanlLaws: . : — 'Diana Stareva
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- Jun Wang
— Daniel Hallinger
— Ashley Murr

— Vikas Soni

— Lyuba Varticovski
— Razi Raziuddin

— Gordon Hager
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— Joseph Korte —  Katie Paul-Friedman 1
— Jennifer Olker S = iy — ‘Richard Judson

— Jeff Denny % L b ' 9 a — Kevin Crofton

— Carsten Knutsen = ; J — Rusty Thomas

— Phillip Hartig = B , 1

— Audrey Bone

— Ann Richard

— Matt Martin

—  Tom Knudseh

- Nisha Sipes” -

—.. EricWatt "« " ik
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— Mary Cardon -
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